The sex-determining gene Sry and its target gene Sox9 initiate the early steps of testis development in mammals. Of the related Sox genes Sox8, Sox9, and Sox10, all expressed during Sertoli cell differentiation, only inactivation of Sox9 before the sex determination stage at Embryonic Day 11.5 (E11.5) causes XY sex reversal, while Sox9 inactivation after this stage has no effect on testis cord differentiation. We have previously shown that both Sox9 and Sox8 are essential for maintaining testicular function in post-E14.0 Sertoli cells. To gain insight into the molecular and cellular processes underlying the abnormal development of Sox9 and Sox8 mutant testes, we performed a detailed developmental study of embryonic and neonatal stages. We observe a progressive disruption of the basal lamina surrounding the testis cords that starts at E17.5 and already at E15.5 reduced expression levels of collagen IV, collagen IXa3 and testatin, structural components of the basal lamina, and the extracellular matrix transcriptional regulator Scleraxis. Lineage tracing reveals that mutant Sertoli cells delaminate from testis cords and are present as isolated cells between remaining cords. Also, Sox10 expression is strongly reduced in the absence of Sox9 and/or Sox8. Finally, we document increasing expression of the ovarian marker FOXL2 in mutant cords starting at E15.5, indicating progressive transdifferentiation of mutant Sertoli cells. This study shows that Sox9 and Sox8 maintain integrity of the basal lamina to prevent testis cord disintegration and that both factors actively suppress the ovarian program during early testis development.
INTRODUCTION
In mammals with an XX/XY sex-determining mechanism, it is the presence of the Y-chromosomal gene Sry that directs the indifferent gonads to develop into testes, while they differentiate into ovaries in the absence of Sry. To effect its function as a testisdetermining gene, Sry needs to call Sox9 into action, its direct target gene. This important role of Sox9 in mammalian sex determination has since become clear. First indications came from studies in humans where heterozygous SOX9 mutations cause XY sex reversal [1, 2] . In mice, Sox9 is weakly expressed in the bipotential gonads of both sexes until Embryonic Day 10.5 (E10.5) to become downregulated in XX gonads and strongly upregulated in XY gonads [3, 4] . This upregulation coincides with the peak expression of Sry [5] and is brought about by binding of SRY together with SF1 to a testis-specific enhancer of Sox9, called TES [6] . Furthermore, SRY-positive cells in the bipotential gonad exclusively become SOX9 positive, and SOX9 migrates into the nuclei of these pre-Sertoli cells, initiating Sertoli cell and thus testis differentiation [5, 7] . Importantly, ectopic expression of Sox9 in XX gonads causes testis development in the complete absence of Sry [8, 9] , revealing that Sox9 can act as a testis-determining factor. Additionally, targeted Sox9 ablation in mice before E11.5 leads to ovary instead of testis development in XY embryos [10, 11] . Thus, Sox9 is both required and sufficient for testis formation and differentiation.
Like Sox9, Sox8 and Sox10, the two other members of the SoxE gene family, are also expressed in early Sertoli cells. Sox8 null mutants show normal embryonic and early postnatal testis development [12] but develop sterility at 5 mo of age because of progressive spermatogenic failure [13] . A similar phenotype has been observed for a Sertoli cell-specific knockout of Sox9 [14] . However, the concerted action of both Sox9 and Sox8 in post-E14.0 Sertoli cells is essential for proper testis differentiation, indicating their redundant function [14] . Sox10 knockout mice show no disturbance in testis development and differentiation, implying that Sox10 has no function in this process [15, 16] . However, ectopic expression of Sox10, like that of Sox9, can cause XX sex reversal [17] .
Sex determination is a developmental process in which male and female signals oppose each other in order to establish a sufficient number of supporting somatic cells, either Sertoli cells or granulosa cells. Evidence in mice and humans suggests that the male pathway is opposed by the expression of three signals, Rspo1 (R-spondin-1), Wnt4 (wingless-related MMTV integration site 4), and Foxl2 (forkhead box protein L2). Both RSPO1 and WNT4 serve to stabilize b-catenin, and ectopic expression of a stable form of b-catenin in murine XY gonads results in male-to-female sex reversal [18] . However, knockout studies of Rspo1 and Wnt4 in mice resulted only in partial XX sex reversal, implying that additional factors are required to fully repress male signals [19] [20] [21] . In humans, mutations in RSPO1 and WNT4 cause syndromic gonadal female-to-male sex reversal [22, 23] , while mutations in FOXL2 lead to blepharophimosis/ptosis/epicanthus inversus syndrome type I (BPESI; MIM 110100), an autosomal dominant disorder associated with premature ovarian failure [24, 25] . An inducible deletion of Foxl2 in adult ovarian follicles leads to transdifferentiation of granulosa and theca cell lineages into Sertoli-like and Leydig-like cell lineages, respectively [26] . Correspondingly, loss of the male-specific DMRT1 transcription factor in adult mouse Sertoli cells activates Foxl2 and reprograms Sertoli cells into granulosa cells [27] . These studies reveal the plasticity of gonadal somatic cells, even at adult stages, and show how important the maintenance of active repression of the opposing program is throughout life.
Formation of testis cords is fundamental for testis structure and function (reviewed in Brennan and Capel [28] ). Between E11.5 and E12.5, pre-Sertoli cells polarize, aggregate around germ cells, and form random clusters, thereby dividing the testis into two compartments: the tubular testis cords, composed of Sertoli and germ cells, surrounded by a layer of peritubular myoid cells, and the interstitial space containing steroid-secreting Leydig cells, uncharacterized fibroblasts, and the typical vasculature of the XY gonad. Interaction between Sertoli cells and peritubular myoid cells leads to the polarized secretion of various extracellular matrix (ECM) proteins, such as laminin, type IV and IXa3 collagen, and heparan sulfate. These ECM molecules are required for formation of the basal lamina, which surrounds the testis cords and maintains their structural integrity [29] [30] [31] . The formation of testis cords is the earliest sign of testis differentiation and essential for the entry of germ cells into mitosis [32] .
In a previous study, we have shown that testis cord differentiation after the sex determination stage is independent of Sox9 and that concerted Sox9 and Sox8 function in post-E14.0 Sertoli cells is essential for the maintenance of testicular function [14] . In AMH-Cre;Sox9
) double nullizygous testes, differentiation of testis cords into seminiferous tubules ceased after Postnatal Day 0 (P0), resulting in infertility. In addition, mutant testes showed transcriptional upregulation of early ovary-specific markers Wnt4 and Rspo1 at E15.5 and downregulation of genes encoding Sertoli intercellular junctional proteins, indicating a disintegration of testicular tissue. To gain deeper insight into the processes going awry in Sox9 D/D ; Sox8 À/À mutant testes, we performed an in-depth analysis of their development from E14.5 up to birth at the histological, ultrastructural, and molecular level, with a focus on the basal lamina and its components.
MATERIALS AND METHODS

Mouse Lines and Crosses
All mice were kept on a 12L:12D cycle at the animal facility in the Institute of Human Genetics (Freiburg, Germany). The following mouse lines were used and kept on a C57BL/6 genetic background:
À/À [12] , and R26R-EYFP [35] . AMH-Cre;Sox9 flox/flox ;Sox8
) mice were generated as described [14] . For lineage tracing, the R26R-EYFP Cre reporter allele was crossed into Sox9
À/À males. Primers and PCR conditions for genotyping were used as previously described [14, 35] . Mice were killed by cervical dislocation. Embryos were collected from timed matings with noon of the day on which the mating plug was observed designated as E0. 5 .
The experiments with animals were performed at the Animal Facility of the Institute of Human Genetics. The animals were housed under a 12L:12D cycle with free access to standard mouse chow and tap water. All of the experimental procedures complied with the rules of the German Animal Welfare Law and were licensed by the local authorities. This is in accordance with the International Guiding Principles for Biomedical Research Involving Animals.
Real-Time RT-PCR
For real-time RT-PCR analyses, material from E15.5 gonads originally used by us in [14] was taken. Isolation of total RNA, measurement of RNA integrity, and synthesis of cDNA were performed as described [14] . Each sample was measured in duplicate in at least two independent experiments. C T values of samples were normalized to the corresponding C T values of Gapdh, and relative expression levels were calculated by the DDC T method [36] 
;Sox8
À/À and control testes for each developmental time point were analyzed.
For immunostaining, embryos were collected in PBS, fixed in Serra (100% ethanol:37% formaldehyde:acetic acid, 6:3:1) overnight at 48C, embedded in paraffin, and sectioned to 5 lm (Microtome Typ 1130; Fa. Jung). Tissue sections of control and mutant gonads were always mounted on the same slide, and at least three pairs of them were analyzed for each time point. Immunohistochemistry was performed using the immunoperoxidase system employed in the Vectastain ABC Kit (Vector Laboratories, Inc.) as previously described [11] . Stained slides were examined with a Zeiss Axioskop 40 microscope and images captured by a Zeiss CCD camera. Double immunofluorescence was conducted using the Fluorescent Avidin Kit (Vector Laboratories), and fluorescent signals were captured using a Nikon C1 laserscanning microscope. Antigen retrieval for all antibodies was carried out in 10 mM sodium citrate buffer (pH 6.0) twice for 10 min at 600 W. The following antibodies were used: rabbit polyclonal Collagen IV (dilution 1:400, ab19808; Abcam), rabbit polyclonal GFP (dilution 1:600, NB600-308; Novus Biologicals), rabbit polyclonal DMRT1 for immunohistochemistry (dilution 1:400, kindly provided by David Zarkower), rabbit polyclonal DMRT1 for immunofluorescence (dilution 1:400, kindly provided by Silvana Guioli), mouse WT1 (dilution 1:100, M3561 clone 6F-H2; DAKO), and goat polyclonal FOXL2 (dilution 1:400, ab5096; Abcam).
Whole-mount in situ hybridization was performed following a standard procedure [37] with digoxigenin-labeled antisense riboprobe for Sox10. cDNA used to generate the riboprobe for Sox10 is described in Kuhlbrodt et al. [38] .
Statistical Methods
All values are expressed as the mean 6 SEM. Statistical analysis was performed by Student t-test, and results were considered statistically highly significant at a P value , 0.001 (***).
RESULTS
Ultrastructural Study of Developing
Sox9 D/D ;Sox8 À/À
Testis Cords
We have previously generated and characterized Sox9 D/D ; Sox8 À/À mutant males, in which Sox9 was ablated in Sertoli cells at E14.0 on a Sox8 À/À background [14] . Histological analyses of paraffin sections had revealed an aberrant development of Sox9 D/D ;Sox8 À/À testes with a reduced number of testis cords that became apparent already at E17.5. At P0, most of the mutant testis cords appeared to have a normal architecture, whereas at P6, they became irregular in shape and appeared fibrotic [14] . To better understand the course of testis cord disruption in Sox9 D/D ;Sox8 À/À testes, we decided to perform a more in-depth analysis of mutant testis cord architecture during the prenatal and neonatal stages by GEORG ET AL.
analyzing semithin tissue sections and by performing TEM. TEM micrographs did not show any morphological difference between mutant and control testis cords before E16.5 (not shown). At E16.5, both mutant and control testis cords still had an organized epithelium formed by peripheral Sertoli cells, with round primordial germ cells within the cords and with peritubular myoid cells surrounding the testis cords ( Fig. 1, A and B). E17.5 semithin tissue sections showed control testis cords with a well-defined cord-like shape (Fig. 1C) , whereas many Sox9 D/D ;Sox8 À/À testis cords looked very irregular in shape with undulations in the continuity of the basal lining ( Fig. 1 , E and G). Some of these mutant testis cords presented with protrusions bulging from the cord surface (Fig. 1G,  arrowhead) . E17.5 TEM micrographs showed that mutant testis cords were disorganized and contained numerous intercellular spaces, especially surrounding the germ cells, when compared to the control (Fig. 1, D and F ). In addition, in mutant testes but not in controls, some testis cords had a very reduced size and contained few cells per cord section (Fig. 1H ).
P0 semithin tissue sections revealed that, in contrast to regularly formed control testis cords with Sertoli cells at the periphery and germ cells in the interior ( Fig. 2A ; see also Fig.  2E ), most of the mutant testis cords had lost this orderly structure and were in a state of disintegration (Fig. 2, B-D) . Occasionally, thin cellular protrusions from cords were visible (Fig. 2 , B and C, arrow). In addition, many mutant testis cords with a reduced size could be seen (Fig. 2D, arrowheads ). At the TEM magnification level, numerous intercellular spaces were found between cells within mutant testis cords (Fig. 2 , F and G) that were not present in controls (Fig. 2E) . At higher magnification, neighboring Sertoli cells in control cords could be observed to contact each other over extended areas (Fig. 2H , arrows), whereas contacts between adjacent Sertoli cells in mutant testis cords were restricted to focal areas ( Fig. 2I , arrows). In addition, numerous very small cords could be seen (Fig. 2 , G and J, circled) and cords with protrusions ( Fig. 2J , arrow, circled). Some mutant testis cords showed regions with a fine and continuous layer of the basal lamina that surrounds testis cords ( Fig. 2L and arrows in inset in Fig. 2M ), as observed in controls (Fig. 2K, arrows) , and other regions with a faint, discontinuous layer ( Fig. 2L and arrows in inset in Fig.  2N ). The ultrastructural study thus indicated that the changes in morphology and size of the mutant testis cords were concomitant with a progressive disruption of the basal lamina.
Expression of Genes Involved in Testis Cord Integrity
We next decided to compare the pattern of expression of molecules involved in basal lamina composition between Sox9 D/D ;Sox8 À/À testis and controls. Because 1) Sertoli cells express all six type IV collagens [39] and 2) SOX9 has been shown to regulate Col4a2 expression in mesangial cells [40] , immunohistochemistry for collagen type IV (COL IV) was performed. E15.5 control testes showed a strong immunoreactivity for COL IV surrounding the testis cords (Fig. 3A, arrows) and in the blood vessels (Fig. 3A, arrowhead) . In E15.5 Sox9 D/D ;Sox8 À/À testes, the intensity of COL IV staining surrounding the testis cords appeared similar to controls (Fig.  3F, arrows) , and the blood vessel staining also looked unchanged (Fig. 3F, arrowhead) . E17.5 control testes showed a pattern of COL IV expression similar to that of E15.5 testes (Fig. 3,B and C) . In contrast, COL IV staining surrounding the testis cords was weaker in E17.5 mutant testes (Fig. 3, G and H, arrows) but again appeared unchanged in the blood vessels (Fig. 3, G and H, arrowheads) . The same situation was observed for P0 testes but with COL IV immunoreactivity surrounding testis cords almost completely absent in mutant testes (Fig. 3, D , E, I, and J, arrows).
We also performed real-time RT-PCR analyses on E15.5 control and Sox9 D/D ;Sox8 À/À testes. First, the expression of Col9a3 was quantified, a nonchondrocytic form of type IX collagen forming part of the basal lamina that is expressed in embryonic Sertoli cells and that has been suggested to be a SOX9 target [29, 30] . Col9a3 transcript levels were reduced to 2 6 0.16% in Sox9 D/D ;Sox8 À/À testes when compared to controls (Fig. 3K) . Next, we studied the expression of Scleraxis, a transcription factor with a key role in the regulation
FIG. 1. Ultrastructural study of Sox9
D/D ;Sox8 À/À testis cords at E16.5 and E17.5. A, B) Transmission electron microscopy (TEM) at E16.5 shows no morphological difference between control (A) and mutant (B) testis cords, which present with peripheral Sertoli cells, central germ cells, and peritubular myoid cells surrounding the cords. C, E, G) Semithin tissue sections at E17.5. C) Well-organized testis cord structure of control testis with Sertoli cells located at the periphery of testis cords and germ cells scattered within cords. E, G) In contrast, Sox9 D/D ;Sox8 À/À testis cords have an irregular shape with an undulating periphery and occasionally with cellular protrusions (arrowhead; G). D, F, H) TEM analyses at E17.5 confirm the aberrant testis cord structure in mutants observed in semithin tissue sections (E, G) and also reveal numerous intercellular spaces present only in mutants (F, H) and not in controls (D) and many testis cords with a very reduced size (H). G, germ cell; P, peritubular myoid cell; S, Sertoli cell. Original magnification 31400 (H); 31800 (A, B); 32800 (D, F) . Bars ¼ 20 lm (C, E, G).
Sox9 AND Sox8 IN TESTIS CORD DIFFERENTIATION of extracellular matrix components in tendons (reviewed in Bagchi et al. [41] ) that is expressed in embryonic Sertoli cells [42] , and the expression of Testatin, which is also expressed in embryonic Sertoli cells and has been suggested to play a role in tissue remodeling and in the formation of testis cords [43] . Transcript levels of Scleraxis were reduced to 50 6 5.2%, and those of Testatin were reduced to 6.8 6 1.2% in Sox9
Sox8
À/À testes when compared to controls (Fig. 3, L and M) . Finally, we examined the expression of Desmin and a-Smooth Muscle Actin (a-Sma), two molecules expressed in peritubular myoid cells [44] . Compared to control testes, Desmin transcript levels were not significantly changed, whereas a-Sma transcript levels were reduced to 71 6 4.3% in Sox9 D/D ;Sox8 À/À testes (Fig. 3, N and O) .
Taken together, these results revealed moderate to severe reduction in expression of several molecules involved in basal lamina formation as early as E15.5, shortly after the Cremediated ablation of Sox9 that occurs at E14.0 [14] .
SOX9 and SOX8 Are Necessary for the Maintenance of Sox10 Expression in Sertoli Cells SOX10, together with SOX9 and SOX8, forms the group E of SOX transcription factors, and during murine testis development, Sox10 starts to be expressed in Sertoli cells just after the sex determination stage [17] . Thus, we checked by real-time RT-PCR whether the loss of either Sox9 or Sox8 (or of both factors) affects the expression of Sox10 in Sertoli cells. 
;Sox8
À/À mutants. A-J) Immunohistochemistry for collagen type IV. Strong immunoreactivity surrounding testis cords in both control and mutants at E15.5 (arrows; A, F), weaker collagen type IV staining surrounding mutant testis cords at E17.5 (arrows; G, H), and almost absent staining in mutants at P0 (arrows; I, J) compared to controls at the corresponding ages (arrows; B-E). Arrowheads in A-J point to blood vessels that gave a strong immunoreactivity for collagen type IV in control and mutant testes at all time points analyzed. 
Sox9 AND Sox8 IN TESTIS CORD DIFFERENTIATION
We found that at E15.5, the transcript levels of Sox10 were drastically reduced to 2.2 6 0.36% in Sox9 D/D testes, to 38 6 5.4% in Sox8 À/À testes, and to almost undetectable levels of 0.7 6 0.27% in Sox9 D/D ;Sox8 À/À testes, the same low levels measured for XX gonads when compared to XY controls (Fig.  4A) . In situ hybridization confirmed that Sox10 was absent in Sox9 D/D testes (Fig. 4B) . Thus, Sox10 expression is downstream of the two other Sox E genes in the developing testis.
Sertoli Cells Delaminate from Testis Cords in Sox9
D/D ;Sox8 5, A-C) . At E17.5, most EYFP-immunoreactive cells remained within testis cords, some of which presented with an irregular shape (Fig. 5D) . At higher magnification, several clusters of EYFP-positive cells very close to each other could be observed (Fig. 5E ). In addition, a few isolated EYFP-stained cells were located within the interstitial space between the testis cords (Fig. 5E, arrow) , and some EYFP-positive cords showed a cellular protrusion (Fig. 5F, arrowhead) . This situation is similar to that described for some testis cords in the ultrastructural study (Fig. 1G) . At P0, single EYFP-positive cells as well as small clusters of EYFP-positive cells had much increased in number (Fig. 5, G and H) . Features frequently observed in P0 mutant testes were stained testis cords with either a cellular protrusion (Fig. 5, G and I) or with neighboring small clusters of EYFP-stained cells (Fig. 5, G and J) . Together, these data indicate that Sox9 D/D ;Sox8 À/À testis cords are disaggregating starting at E17.5 and that Sertoli cells appear to delaminate from testis cords and are found as single cells in the interstitial space between the testis cords at subsequent stages. 
GEORG ET AL.
Dmrt1 Is Downregulated and Foxl2 Is Upregulated in
The cell-tracing experiment revealed that many Sertoli cells followed an abnormal development. Because of this, we decided to study the expression pattern of Dmrt1, a transcription factor that is expressed in embryonic and postnatal Sertoli cells and germ cells, respectively, and that is essential for postnatal testis differentiation [45] . At E17.5, immunohistochemistry for DMRT1 revealed that the number of DMRT1-positive cells was reduced in Sox9 D/D ;Sox8 À/À testes (Fig. 6Ac ) when compared to controls (Fig. 6Aa) . Higher magnification showed a continuous strong staining of DMRT1-positive cells in the Sertoli epithelium of control testes ( Fig.  6Ab ; sS) and a weaker staining in round primordial germ cells (PGCs) within all testis cords ( Fig. 6Ab; G) , as previously described [46] . In contrast, we observed some mutant testis cords with regions where no apparent DMRT1 staining was visible in the basal epithelium (Fig. 6Ad, arrowheads) . In addition, single DMRT1-positive cells that did not form part of any recognizable structure were present (Fig. 6Ad , black arrow). To confirm that DMRT1 was downregulated in Sertoli cells, double immunofluorescence for DMRT1 and for WT1, a Sertoli cell marker, was performed. In control testis cords, peripheral Sertoli cells were strongly and homogeneously stained for DMRT1 (Fig. 6 , Ba and c; sS), while internal PGCs showed a weaker immunoreactivity (Fig. 6 , Ba and c; G). In mutant testis cords, some Sertoli cells presented with a strong DMRT1 staining (Fig. 6 , Bd, f, g, and i; sS), whereas other Sertoli cells showed a weaker DMRT1 staining that was comparable to that of the PGCs (Fig. 6 , Bd, f, g, and i; wS, G). In addition, some Sertoli cells showed no DMRT1 immunoreactivity (Fig. 6 , Bf and i; nS). It has recently been shown that when Dmrt1 is absent in the developing testis, the female-specific transcription factor Foxl2 is upregulated [27] . We thus wondered whether the combined absence of Sox9 and Sox8 would also result in Foxl2 upregulation. By means of immunohistochemistry, XX control gonads presented with numerous FOXL2-positive cells (Fig. 7 , Aa, b, and c; not shown), whereas XY control gonads were FOXL2 negative (Fig. 7 , Ad, e, and f; not shown) at all stages analyzed (E14.5, E15.5, E17.5, and P0). No FOXL2 immunoreactivity was detected at E14.5 in Sox9 D/D ;Sox8
XY gonads (data not shown); however, at E15.5, some FOXL2-positive cells were already present (Fig. 7Ag) . At E17.5, the number of FOXL2-immunoreactive cells was increased (Fig. 7Ah) . At higher magnification, both FOXL2-positive and FOXL2-negative cells could be observed within the same mutant testis cord (Fig. 7, Ba and c) . Also, scattered single FOXL2-positive cells that did not form part of any recognizable structure were detected (Fig. 7, Ba and c, arrows) . At P0, the situation was similar to that of E17.5 mutant gonads, but testis cords containing FOXL2-positive cells have become more numerous (Fig. 7 , Ai and Bb). This phenotype was variable, and in more affected testes, almost full penetrance for FOXL2 expression in mutant Sertoli cells was observed (Fig.  7Bd) . Thus, Sox9 D/D ;Sox8 À/À XY gonads upregulated the ovarian marker FOXL2 beginning at E15.5, indicative of a fate switch of Sertoli cells.
DISCUSSION
We have previously described that the combined absence of Sox9 and Sox8 during testis development leads to abnormal testis cord differentiation [14] . In the present work, we have performed a more detailed analysis to better understand the , g ), WT1 alone (b, e, h), and both proteins merged (c, f, i). Control testis cords show a strong expression for DMRT1 in Sertoli cells (sS; a, bright green; c, yellowish green) and a weak expression in PGCs (G; a, c, pale green). In mutant testis cords, PGCs show a pattern of expression similar to controls (d, f, g, i, pale green), but three types of Sertoli cells can be distinguished: 1) with a strong DMRT1 staining (sS; d, g, bright green; f, i, yellowish green), 2) with a weak DMRT1 staining (wS; d, g, pale green; f, i, orange), and 3) with no DMRT1 staining (nS; f, i, red). Bars ¼ 100 lm (A, a, c) 
Sertoli Cells Delaminate from Testis Cords in the Combined
Absence of Sox9 and Sox8
We previously found that the combined absence of Sox9 and Sox8 in Sertoli cells from E14.0 on leads to a reduction in the number of testis cords that is already visible at E17.5 and that neither a decrease in cell proliferation nor an increase in apoptosis occurs in Sox9 D/D ;Sox8 À/À testes [14] . Indeed, the size of these mutant testes was similar to that of controls until E17.5, and at P0 it was only slightly reduced. Thus, the question arose as to which mechanism is responsible for the loss of testis cords seen in Sox9 D/D ;Sox8 À/À testes already at E17.5. Here, we show that Sox9 D/D ;Sox8 À/À testis cords are progressively disaggregating and that Sertoli cells delaminate and migrate to the interstitial space between the testis cords. This process can explain why there is a reduced number of testis cords (but a similar testis size) in Sox9 D/D ;Sox8 À/À testes when compared to controls at E17.5. This leads to the question as to which molecular mechanisms underlie the delamination of Sertoli cells from testis cords in the absence of Sox9 and Sox8. We show that at P0, numerous intercellular spaces exist in Sox9 D/D ;Sox8 À/À testis cords and that cell contacts between neighboring Sertoli cells are restricted to focal areas. These observations are consistent with our previous results that cell adhesion molecules involved in the formation of Sertoli-Sertoli or Sertoli-germ cell contacts, such as E-Cadherin, N-Cadherin, N-CAM, Connexin 43, Occludin, and Claudin 11, are misregulated or downregulated in Sox9 D/D ;Sox8 À/À testis [14] . In addition, we show that the basal lamina of P0 mutant testis cords was intermittently disrupted, although we have reported previously that the expression of a major component of the basal lamina, Laminin, was unchanged in mutant testis cords [14] . We therefore studied two other components of the basal lamina of the testis cords, Collagen IV and Collagen IXa3, which have been proposed to be direct targets of SOX9 [29, 30, 40] , and we found both of them downregulated in Sox9 D/D ; Sox8 À/À testes. Thus, SOX9 seems to be necessary for the regulation, directly or indirectly, of the expression of a subset of structural components of the basal lamina. We also found that transcript levels of both the transcription factor Scleraxis, which is involved in the regulation of extracellular matrix components in tendons (reviewed in Bagchi [41] ), and Testatin, which has been suggested to play a role in tissue remodeling and in the formation of testis cords [43] , were significantly downregulated in Sox9 D/D ;Sox8 À/À testis. Thus, Sox9 appears to affect some aspects of testis cord formation indirectly through the regulation of these factors. Peritubular myoid cells cooperate with Sertoli cells in the formation of the basal lamina of the testis cords [47] . We therefore also checked the expression of two markers of peritubular myoid cells, Desmin and a-Sma, and found that expression levels of the former unchanged, whereas those of the latter were reduced to 71%. As peritubular myoid cells looked normal in Sox9 D/D ; Sox8 À/À testis at E16.5 and as a-Sma is expressed also in other cell types within the developing testis [45, 48] , we cannot conclude whether peritubular myoid cells are affected in mutant testes and whether they contribute to the disruption of the basal lamina observed in Sox9 D/D ;Sox8 À/À testes. During chondrogenesis, the transcription factor SOX9 has been shown to directly activate the expression of extracellular matrix proteins, such as Col2a1, Col11a2, and Aggrecan [49] [50] [51] [52] [53] . Furthermore, Sox9 is required for extracellular matrix organization in the heart valves [54] and ureteric mesenchyme [55] and controls the adhesive properties of placodal cells in the otic placode [56] . Taking these observations and the results presented here into account, it seems plausible that in the epithelial Sertoli cells of the testis cords, Sox9 also plays an essential role in the regulation of the expression of extracellular matrix protein and/or cell adhesion molecules and that in its absence Sertoli cells are not tightly anchored into testis cords, resulting in the delamination from such cords. 
GEORG ET AL.
Sox9 and Sox8 Control Sox10 Expression During Testis Development
Functional redundancy between all three SoxE genes has repeatedly been documented in domains where they are coexpressed [10, [57] [58] [59] , including testis development, where Sox8 can compensate for Sox9 [14] . As mentioned above, Sox10 is also expressed in Sertoli cells during testis development but seems to be dispensable for this process, as neither patients with a SOX10 mutation nor Sox10 null mice have a testicular phenotype [16, 60] . However, it has recently been shown in vivo that Sox10 can substitute for Sox9 function during testis determination and in vitro that any SOX E factor, together with SF1, can transactivate the Amh promoter with similar efficiency [17] À/À testes, the remaining levels of SOX10 may, together with SOX9, which is expressed at normal levels [14] , contribute to the compensation for the loss of SOX8. Generation and analysis of Sox8;Sox10 double-mutant mice may help to elucidate whether Sox10 has some redundant role during testis cord differentiation.
Permanent Antagonism Between Testicular and Ovarian Factors
Expression of Sry in the XY bipotential gonad leads to the upregulation of Sox9 and to the activation of a male gene regulatory network, resulting in testis differentiation. During ovary differentiation, Sry is not expressed, Sox9 is not upregulated, and the female-specific WNT-signaling pathway becomes active. The loss of either Sox9 or of other essential male-specific factors, such as Fg f 9, at the moment of testis determination leads to upregulation of the WNT-signaling pathway and to XY sex reversal [11, 61] . Likewise, inactivation of WNT-signaling pathway molecules, such as Wnt4 and Rspo1, at the moment of sex determination results in ectopic expression of male factors, such as Sox9 and Fg f 9 [21, 61] . Gain-of-function experiments in XX and XY bipotential gonads confirm the antagonism between male and female factors: upregulation of Sox9 leads to XX sex reversal [8, 9] and stabilization of b-catenin, and thus activation of WNT signaling causes XY sex reversal [18] . Furthermore, an antagonism between male and female factors exists also in adult gonads, as the loss of the male-specific factor Dmrt1 in adult testes leads to the activation of the female program [27] , and the loss of the female-specific factor Foxl2 in adult granulosa cells causes reprogramming of granulosa cells into Sertoli cells [26] . This antagonism seems to also be at work already in differentiated embryonic testes, as conditional Wt1 ablation using an AMH-Cre allele results in the nuclear localization of b-catenin [62] and as conditional stabilization of b-catenin by the help of this AMH-Cre allele results in loss of SOX9 and AMH expression [63] . In our previous study, we have used the same AMH-Cre allele to conditionally inactivated Sox9 on a Sox8 À/À background and have suggested that the combined function of these genes is necessary for the repression of the WNT signaling pathway, as we detected increased levels of Wnt4 and Rspo1 transcripts in E15.5 mutant XY gonads [14] . We show that in Sox9 D/D ;Sox8 À/À testes Foxl2 also starts to be expressed in Sertoli cells shortly after Sox9;Sox8 ablation and that the number of FOXL2 positive cells is increasing at later stages of testis development. Foxl2 À/À XX gonads initially activate the female program; however, at around P7, the genetic program for somatic testis determination is initiated [64] . Furthermore, in the combined absence of Foxl2 and Wnt4, testis cords are visible at P0, and overexpression of Foxl2 in the XY bipotential gonad impairs testis cord differentiation [65] . These results, together with the finding that the loss of Foxl2 in adult granulosa cells causes them to transdifferentiate into Sertoli cells [26] , indicates that continued Foxl2 function is required for maintaining ovarian function throughout female reproductive life. Interestingly, Foxl2 ablation in the XX gonad invariably leads to Sox9 upregulation [26, 64, 65] , indicating that both factors actively repress each other in the male or female gonad throughout life. The contribution of Sox8 to this process is possibly underestimated. We have shown previously that Sox8 compensates for Sox9 loss during testis differentiation and show here that in the combined absence of both SoxE genes, FOXL2 becomes upregulated. Of note, Sox8 is a Sertoli marker that normally is not analyzed in Foxl2 À/À XY gonads but in one study where it was analyzed showed an upregulation [26] . A recent study reported that when Dmrt1 is deleted from embryonic Sertoli cells, Sox9 shows a normal expression until the first week of postnatal development, whereas at P14 some cells coexpressed SOX9 and FOXL2 or lacked SOX9 and strongly expressed FOXL2, whereas by P28 few SOX9-positive cells were observed and most intratubular cells strongly expressed FOXL2 [27] . We show in this study that Dmrt1 is downregulated and that Foxl2 is upregulated in Sox9 D/D ;Sox8 À/À Sertoli cells already at E17.5. This indicates that these Sox genes may repress Foxl2 partially by the regulation of Dmrt1 but also that additional Dmrt1-independent routes must exist to keep expression of Foxl2 and of other female markers, such as Wnt4 and Rspo1, under check during early male gonad development.
